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One Sentence Summary:
Theoretical and experimental studies of electron-hole friction limited transport in bilayer graphene
with a tunable bandgap.
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Hydrodynamic electronic transport is of fundamental interest due to its pres-
ence in strongly correlated materials and connections to areas outside of con-
densed matter physics; its study will be facilitated by identifying ambipolar
hydrodynamic materials in which collisions between thermally activated elec-
trons and holes determine conductivity. Here we present a comprehensive ex-
perimental and theoretical study of hydrodynamics in bilayer graphene, and
consider the effects of an induced bandgap. For zero bandgap, conductivity
at charge neutrality is temperature-independent; its magnitude determined
by Planckian dissipation. With a bandgap, conductivity at charge neutrality
collapses onto a universal curve. These results demonstrate that electron-hole
collision limited transport in bilayer graphene can be readily detected at room
temperature using straightforward DC conductivity measurements, providing
an easily accessible platform for hydrodynamic investigations.
In a hydrodynamic conductor, collisions between charge carriers restore local equilibrium
and conserve their total energy and momentum over short time scales. Unlike the independent
quasiparticles seen in typical Fermi liquids, these hydrodynamic carriers form a collective fluid
that can be described by macroscopic equations of motion similar to those of classical hydro-
dynamics [1, 2]. As a result, such hydrodynamic electrons can exhibit phenomena that are very
different from the more typical diffusive or ballistic transport [3, 4, 5, 6]. Moreover, since hy-
drodynamic electron fluids are related by the holographic principle to other systems including
a class of black hole solutions in anti-de Sitter space [7], cold-atoms [8], and quark-gluon plas-
mas [9], insights from electron hydrodynamics could have direct implications for observables
in these other systems. A particular challenge for the study of hydrodynamic conductors is
that electron-electron (or hole-hole) scattering preserves net current and therefore only weakly
modifies the conductivity. Therefore in the unipolar regime, hydrodynamic scattering is a small
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correction to the impurity or phonon limited conductivity [10]. In contrast, electron-hole scat-
tering does not preserve current and strongly modifies conductivity [11]. This motivates the
search for hydrodynamic behavior in the ambipolar regime, in which electrons and holes are
present in similar concentrations and direct measurements of conductivity can be used to study
hydrodynamic transport.
Graphene has recently emerged as an excellent platform for the study of electron hydro-
dynamics [12, 13, 14, 15], due to its low disorder, weak electron-phonon coupling, and strong
carrier-carrier interactions. In monolayer graphene, hydrodynamic scattering is most prominent
at finite carrier density (unipolar regime) and finite temperature, necessitating study through in-
direct probes such as non-local conductivity[12, 14], thermal transport[13], and terahertz spec-
troscopy [15]. In contrast, recent theoretical [16, 17] works suggest that for bilayer graphene,
carrier-carrier interactions are strong and both impurity and phonon scattering are weak over a
wide temperature range near charge neutrality. This indicates that bilayer graphene can readily
become hydrodynamic in the ambipolar regime. In fact, recent experimental studies of sus-
pended bilayer graphene [18] provide strong evidence of dominant electron-hole scattering.
Moreover, a bandgap can be induced and tuned in bilayer graphene through the application of a
transverse electric field [19], allowing the study of hydrodynamic conductivity in the semicon-
ducting regime.
Here we explore the hydrodynamic conductivity of bilayer graphene both theoretically and
experimentally. Using Boltzmann transport theory, we calculate the conductivity arising from
electron-hole scattering as a function of temperature, chemical potential, and bandgap. These
predictions, which contain no adjustable parameters, show remarkable agreement with the mea-
sured behavior of dual-gated samples, in which carrier density and band gap can be indepen-
dently tuned. A surprising simplicity emerges: at charge neutrality, the variation of conductivity
with temperature and band gap is universal, i.e. it does not depend on microscopic details such
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as the effective mass of the material or its surrounding dielectric environment. This universal
behavior manifests in the zero-gap case as conductivity that is constant over a wide temperature
range, with a magnitude determined by Planckian dissipation. In the gapped case, we show a
collapse onto a single universal curve. A similar universal behavior is found away from charge
neutrality, with conductivity depending only on the ratios of the band gap and chemical potential
to the thermal energy.
The band structure of dual-gated bilayer graphene can be approximated as two hyperbolic
bands, with energies  given by:
±(k) = ±
√(
~2k2
2m∗
)2
+
(
∆
2
)2
, (1)
where ± denote electrons and holes, ~ is Planck’s constant, k is the wave vector, m∗ is the
effective mass, and ∆ is the band gap. The electronic behavior of this system, as depicted
in Fig. 1(a), is determined by three energy scales: ∆, the chemical potential µ, and thermal
energy kBT , where kB is Boltzmann’s constant. In dual-gated samples, both ∆ and µ can
be independently tuned. To avoid uncertainties in ∆ that may arise when modeling the band
structure, we use the strictly experimental value ∆ext (which is the induced potential difference
between the two layers). For the band gap ranges considered in this paper, the relation between
the two is approximately linear.
Fig. 1(b) is a schematic representation of our previous theoretical study of ungapped bilayer
graphene[16]. The three regimes are differentiated by the dominant scattering mechanism. The
V-shaped light blue area near charge neutrality is the ambipolar regime, where electrons and
holes are present in similar numbers and conductivity is limited by electron-hole scattering.
The dark blue area depicts the unipolar regime, where electron-electron (or hole-hole) scat-
tering takes over as the dominant scattering mechanism but does not limit conductivity as it
conserves current. At still higher charge densities (shown in red), electron-electron scattering is
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Figure 1: Bilayer graphene is a highly tunable material ideal for the study of hydrody-
namics. (A) The band gap ∆ and chemical potential µ of bilayer graphene are independently
tunable. At charge neutrality µ = 0, finite temperature leads to the thermal excitation of elec-
trons (green) and holes (purple) in the conduction and valence bands respectively. (B) At zero
gap ∆ = 0, bilayer graphene shows ambipolar hydrodynamics at low densities. At fixed tem-
perature, with increasing µ, the system first transitions to unipolar hydrodynamics and then to
the usual diffusive metal. (C) At finite gap ∆ 6= 0, there is a new insulator regime at low
temperature and density.
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strongly suppressed by screening, allowing phonons and/or impurities to become the dominant
scatterer, such that the system becomes a standard diffusive metal. We note that the transitions
between these regions are gradual, not sharp phase boundaries. In addition, deviations from this
behavior are expected at low T , where low-energy corrections to the hyperbolic bandstructure
become significant. With the introduction of a band gap (Fig. 1(c)), the system is insulating near
charge neutrality at low temperatures. Within this insulating regime, behavior will remain hy-
drodynamic if the scattering of thermally activated carriers remains dominated by carrier-carrier
scattering. Such a regime is unexplored either theoretically or experimentally.
To understand hydrodynamic transport we utilize Boltzmann transport theory: the electron-
hole limited conductivity is given by
σ =
nee
2〈τ〉eh
m∗
+
nhe
2〈τ〉he
m∗
, (2)
where ne and nh are the electron and hole densities respectively, e is the electron charge, and
〈τ〉eh and 〈τ〉he are the thermally averaged electron-hole and hole-electron quasiparticle life-
times, respectively, near the Fermi surface. This simple expression provides a reliable descrip-
tion in terms of elucidating the physics, with a full numerical solution of the Boltzmann equation
expected to produce only quantitative corrections (see Sec. II of the Supplementary Information
for details).
We first focus our attention on the gapless system (∆ = 0). At the charge neutrality point
(CNP), the density and lifetime of electrons and holes are identical: 〈τ〉eh = 〈τ〉he ≡ 〈τ〉0
and ne = nh ≡ n0. In this case, the carrier density increases linearly with temperature
n0 = 2m
∗kBT log(2)/(pi~2). Our calculation of the inverse quasiparticle lifetime within the
G0W approximation, including the full finite-temperature and dynamical Random Phase Ap-
proximation dielectric function, yields a value of of 0.35 kBT/~. This is close to the maxi-
mum dissipation rate∼ kBT/~ allowed by the energy-time uncertainty principle [20], a regime
6
often referred to as Planckian dissipation. Planckian dissipation is expected to occur in quan-
tum critical hydrodynamic systems exhibiting a universal minimum viscosity bound [21, 22].
Planckian scattering rates have been extracted from resistivity measurements in a large num-
ber of cuprate superconductors and heavy fermion materials [23], as well as very recently in
monolayer graphene[15] and twisted bilayer graphene superconductors[24]. While it has been
established that bilayer graphene is hydrodynamic[16, 18], the questions of whether it pos-
sesses quantum criticality and the universal minimum viscosity remain open, making it unclear
if Planckian dissipation is present. Our full microscopic calculation of the inverse electron-
hole quasiparticle lifetime directly affirms that it is. It is noteworthy that the calculated life-
time is independent of device-specific details such as dielectric constant and effective mass.
This leads to a simple temperature-independent expression for the conductivity from Eq. (2):
σCNP = 23 log(2)e
2/h. This is in contrast to the case of strange metals [23], where Planckian
dissipation at a constant carrier density and gives a linear-in-T resistivity. For our ambipolar
hydrodynamics regime, both the carrier density and scattering rate increase linearly with T ,
resulting in a temperature-independent conductivity.
Away from charge neutrality, transport is expected to remain electron-hole limited around
a small density window centered at neutrality, the size of which increases with temperature. In
this regime, the carrier density and electron-hole scattering rate pick up logarithmic and expo-
nential corrections respectively, with σ(µ, T ) increasing approximately as exp(x) log (f(−x))
where f(x) = 1 + exp(−x) and x = µ/kBT (see Eqs. (17), (32) and (33) of Supplementary
Information). Increasing T at fixed µ increases both the electron-hole scattering rate and the
total number of carriers through thermal excitation, but the former effect dominates, resulting
in metallic behavior, i.e. σ(T ) decreases with increasing T . By contrast, increasing µ at fixed
T leads to decreased electron-hole scattering and increased total carrier density, resulting in an
increase in conductivity. In the limit of zero temperature, this will result in the unusual behavior
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of σ being finite only at perfect charge neutrality while going to infinity for any finite µ, no
matter how small [25]. For small but finite T , as we tune µ away from charge neutrality we
first get an exponential increase in conductivity with µ (see Eq. (33) of Supplementary Informa-
tion). However, at higher densities where µ  kBT , electron-hole collisions become strongly
suppressed due to the exponentially small number of minority carriers available for scattering.
At high doping, we therefore expect either electron-phonon or electron-impurity scattering to
take over as the dominant scattering mechanism, and the system becomes a diffusive metal
and no longer hydrodynamic (see schematic in Fig. 1(b)). The transition to a diffusive metal
is evidenced by the conductivity depending linearly on the difference between the number of
electron and hole carriers. We note that with increasing electron density, electron-electron takes
over from electron-hole as the dominant scattering mechanism; however, this transition is ex-
pected to have no signature in DC transport measurements since electron-electron collisions
conserve the total current.
We next consider the case of ∆ 6= 0. In this case, conductivity continues to be described
by Eq. (2) but the nonzero gap introduces a new energy scale in the problem which modifies
〈τ〉0 and n0. Our theoretical calculations show that the scattering time 〈τ〉0 is enhanced by
an additional factor of 1 + z/ [f(−z) log (f(z))], where z = ∆/2kBT , while n0 is reduced
by a factor of log (f(z)) (see Section II.F of Supplementary Information for details). This
corresponds to a suppression of electron-hole scattering and thermal excitation across the gap.
Substituting these expressions into Eq. (2), we obtain for the gapped charge-neutral conductivity
σCNP = 23
e2
h
(
log f(z) +
z
f(−z)
)
. (3)
The conductivity depends only on the ratio of temperature to gap size, rather than on T and ∆
separately, implying that the experimentally measured conductivity should collapse as a func-
tion of ∆ext/kBT .
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We turn to the experimental verification of the above predictions. Using the van der Waals
assembly technique [26], we fabricate bilayer graphene devices encapsulated in hexagonal
boron nitride with graphite top and bottom gates, as depicted in the inset of Fig 2(a). Five
devices of varying geometries and structures were fabricated for this work, all of which showed
similar transport behavior in the hydrodynamic regime (see Supplementary Information for de-
vice fabrication and information). The measured low-T resistance of one device as a function
of applied top and bottom gate voltages (VTG and VBG) is shown in Fig. 2(a). The dual-gated
structure allows for independent tuning of µ and ∆, but to avoid relying upon specific models
of the band structure, we utilize two experimentally based parameters Veff and ∆ext which have
one-to-one correspondence to µ and ∆, respectively (see Supplementary Section 3). These are
determined by tracking the position of the charge neutrality point in Fig. 2(a) to determine the
ratio of the top to back gate capacitance, and measuring Hall effect (Fig. 2(b)) to determine
total capacitance. ∆ext = eDc0 is the interlayer potential energy difference, where D is the
displacement field across the layers and c0 = 3.35 A˚ is the interlayer separation. Veff is a nor-
malized linear combination of VTG and VBG that changes charge density ∆n ≡ ne−nh at fixed
∆ext. Two cuts of the data, at ∆ext = 0 and ∆ext = 150 meV, are shown as dashed lines in Fig.
2(a).
The top panel of figure 2(b) shows the induced charge density as a function of Veff at T = 2K
for ∆ext = 0, as determined from Hall effect measurements. The density increases linearly with
Veff . Moreover, the Hall density can be reliably measured below ≈ 1011cm−2, providing an up-
per bound for disorder and demonstrating the system to be ultra-clean, as expected for graphene
samples on hBN [27]. A more extensive analysis sets the upper bound on charge disorder to be
∼ 3 × 1010cm−2 (see Supplementary Information). At this level of charge disorder, transport
is not expected to be impurity-limited for the regimes of interest. The bottom panel shows the
corresponding plot for ∆ext = 150 meV. In this case, the ∼ 50 mV separation between the
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Figure 2: Experimental characterization of transport. (A) Typical device resistance as a
function of independent top and bottom gate voltages VTG and VBG. Yellow regions of peak
resistance signal the presence of a gap, the size of which is ∆ ∝ ∆ext and the charge density
∆n ≡ ne−nh is proportional to Veff . Here ∆ext and Veff are linear combinations of VTG and VBG,
allowing for independent tuning of ∆ and charge density ∆n (see Supplemental Information).
Inset: Cross sectional schematic of an encapsulated BLG device with dual local gates. (B)
Hall density measured against Veff at T = 2K for ∆ext = 0 and 150 meV. An offset of ≈ 50
mV is clearly visible at ∆ext = 150 meV. (C,D) Conductivity measured against Veff ∝ ∆n
at (C) ∆ext = 0 and (D) ∆ext = 150 meV for varying T from 5K to 300K. The low density
conductivity is temperature independent at zero gap and transitions to insulating behavior at
nonzero gap. 10
electron and hole branches reflects the induced bandgap. At higher temperatures, Hall measure-
ments confirm ambipolar behavior near charge neutrality due to thermal activation of carriers
(see Supplementary Information).
Figures 2(c,d) shows the measured conductivity as a function of Veff for these two cases,
at temperatures from 5K to 300K. For ∆ext = 0, the conductivity at the charge neutrality
point (CNP) is large (∼ 20 e2
h
) and temperature-independent over the entire range. This is a
striking result - where the temperature-independent behavior is distinct from that of monolayer
graphene in the clean limit and the large magnitude is distinct from that of disorder-limited
materials - and in direct agreement with the theoretical predictions above. For ∆ext = 150 meV,
the conductivity at the CNP decreases upon cooling, as expected from the opening of a bandgap.
The experimental results for ∆ext = 0 are compared in detail against theory in Fig. 3.
Fig. 3(a) plots the measured σCNP(T ) for three different samples. Over most of the measured
temperature range, the conductivity is constant with magnitude within ∼ 40% of the calculated
value of σCNP = 23 log(2)e2/h, indicating both hydrodynamic behavior and Planckian dissipa-
tion. This level of agreement is remarkable given that the theory has no adjustable parameters.
In order to examine the possible role of other types of scattering, we also plot the theoreti-
cally calculated conductivity determined by electron-phonon scattering and electron-impurity
scattering (details provided in Supplementary Information). The phonon-limited conductivity
is much larger than the measured value or the electron-hole limit, even at room temperature.
This counter-intuitive result is due to the weak coupling between electrons and optical zone
boundary phonons, as we have described previously [16]. We note that the conductivity mea-
surements are performed at currents ∼ 10 − 100 nA, well within the range in which electrons
may be considered to be in thermal equilibrium with the lattice even in the presence of strong
electron-hole scattering [13]. The electron-impurity scattering calculated from the estimated
charge disorder shows linear temperature dependence resulting from the combination of con-
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Figure 3: Experimental transport data at zero gap agrees well with ambipolar hydrody-
namic theory. (A) Charge neutral conductivity σCNP plotted as a function of temperature for the
gapless case. The theoretical conductivities (lines) for electron-phonon, electron-impurity, and
electron-hole limited transport are plotted alongside experiment (markers). Inset: Magnification
of data in the range to T = 0− 30K, along with the theoretical electron-impurity and electron-
hole curves, and their combination per Matthiessen’s rule. The temperature independence and
order of magnitude seen in experiment is clearly consistent with the theoretical electron-hole
limited conductivity. The theoretical curves have no adjustable parameters. (B) Normalized ex-
perimental conductivity (crosses) plotted as a function of charge density ∆n ≡ ne− nh, shown
alongside the theoretical electron-hole limited conductivity (solid lines). Inset: experimental
collapse of conductivity onto a single curve when plotted against ∆n/kBT , per ∆n’s corre-
spondence with µ. Solid and dashed lines demarcate regions expected to be inside and outside
of the hydrodynamic regime at each temperature, respectively.
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stant τ and n(T )∝T , which is clearly inconsistent with the data. For the same reason, linear-T
behavior can also be expected from edge scattering, which is also ruled out by the observed
similar conductivity for devices of different sizes.
The inset to Fig. 3(a) highlights the low-T range where the conductivity deviates from a
constant value. Based on the estimated impurity density, impurity scattering should cause a
decrease in the conductivity below ∼20K, a temperature scale that is also seen in the measured
data. The measured conductivity does not trend to zero at T = 0 as depicted in the theory.
This is expected due to deviations from the simple hyperbolic bandstructure and carrier density
inhomogeneities that only become important at energy scales of a few meV [28].
Figure 3(b) examines the behavior away from charge neutrality by plotting the normalized
conductivity as a function of the induced carrier density ∆n, at 100, 200, and 300 K. When elec-
trons and holes are populated in comparable numbers (roughly |ne−nh|
ne+nh
< 0.3) the electron-hole
scattering theory provides good agreement with experiment, whereas other scattering mecha-
nisms do not (see Supporting Information). At higher charge densities (e.g. 3×1011cm−2 for
T = 100 K), the experimental conductivity is lower than the hydrodynamic calculation and
tends towards linear ∆n dependence, signaling the onset of diffusive scattering. A key predic-
tion of the theory outlined above is that for ∆=0, σ(µ, T ) is only a function of µ
kBT
. Since the
bandstructure is parabolic for ∆=0, the density of states is constant and µ∝∆n. Therefore in
the inset to Fig. 3(b) we plot the experimental conductivity σ as a function of ∆n
kBT
. Within the
hydrodynamic regime, all three curves collapse onto a single function, as predicted.
We examine hydrodynamic transport at charge neutrality in the presence of a finite gap. In
Figure 4a we plot the normalized conductivity as a function of temperature for interlayer biases
∆ext ranging from 0 to 120 meV. Due to the near-proportionality between ∆ and ∆ext, Eq. (3)
implies that conductivity plotted as a function of kBT/∆ext should exhibit a near-collapse in
the hydrodynamic regime. To verify, we replot the T = 30 − 60 K data of the same dataset
13
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in the right panel of Fig. 4 as a function of kBT/∆ext, together with the theoretically predicted
collapse curves within various approximations. The data collapses almost perfectly onto a sin-
gle curve in agreement with Eq. (3) (solid black line) and persists up to room temperature (see
Supplementary Information). The solid line calculates 〈τ〉0 assuming the presence of strong
Coulomb interactions, in which long wavelength q → 0 scattering dominates. The diamond
and square data points demonstrate that calculating σCNP without the strong interaction approx-
imation results in only a very weak dependence on ∆ext, with full details of this calculation
provided in Supplementary Information Section II. For transport in the presence of both finite
density (µ 6=0) and finite gap (∆ 6=0), all three energy scales µ, ∆ and kBT are relevant. Figure
5 compares experiment and theory for the case of ∆ext = 130 meV. The measured conductivity
is plotted in color as a function of temperature and µ (Fig. 5(a), see Supplementary Informa-
tion for the calculation of µ). The calculated conductivity (see Supplementary Information) is
plotted in Fig. 5(b). A window of clearly insulating temperature dependence is observed at low
density, as predicted by theory. At higher density, transport becomes metallic, as outlined in
Fig. 1(c). In both figures we demarcate in red the regions differentiated by the dominant scatter-
ing times, as expected from theory (labeled in Fig. 5(b)). Near charge neutrality, electron-hole
scattering dominates the insulating regime, and the transport is ambipolar. For higher density,
electron-electron scattering becomes dominant. Nevertheless, due to its current conserving na-
ture, transport is determined by the next dominant scattering mechanisms, which can be either
electron-hole scattering or diffusive scattering (a combination of electron-phonon and electron-
impurity scattering), depending on the density and temperature. At even higher densities, dif-
fusive scattering dominates transport. There is clear consistency between Figs. 5(a) and (b),
especially in the regimes of electron-hole limited transport.
The experimental and theoretical results presented above demonstrate that the bilayer graphene
is a remarkable system in which the electrical conductivity is dominated by hydrodynamic
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electron-hole scattering over a wide parameter range. The most striking manifestations of hy-
drodynamic behavior are seen at charge neutrality: in the gapless case, conductivity is temperature-
independent above 20 K with magnitude determined only by universal constants through Planck-
ian dissipation; and when a gap is introduced, the conductivity collapses to a single function as
predicted by theory. These results should be generally applicable to any narrow-gap system, and
may shed light on the behavior of gapped states in other graphene-based systems. More gen-
erally, the emergence of hydrodynamic behavior in straightforward conductivity measurements
establishes bilayer graphene as an ideal platform for studying more complex electron hydro-
dynamic behavior, including effects of viscosity, flow through constrictions, collective sound
modes, high frequency magnetotransport, and shockwaves in supersonic flow. The presence of
Planckian dissipation at charge neutrality with a universal temperature independent conductiv-
ity is also suggestive that bilayer graphene could be an experimental realization of a quantum
critical theory at the universal viscosity bound, which is known to be holographically dual to a
black hole in space with negative scalar curvature.
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